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ABSTRACT   
The brain is composed of the cerebrum, cerebellum, diencephalon and brainstem. The cerebrum is the superlative part of 
the central nervous system and also the main part of the brain. There are differences and similarities between humans and 
mouse. The study of mouse brain model is helpful to understand the process in clinical trials and also has reference 
significance for the study of human brain. Therefore, the study of mouse brain is particularly important. As the skull has 
a large scattering effect on light, it is difficult for us to image the brain through the skull directly. Therefore, we often use 
methods such as optical clearing or thin skull to reduce or remove the influence of the skull on imaging. In this paper, the 
transmission of photons in mouse brain was studied using Monte Carlo method. In the study of photon trajectories, the 
photon distribution without intact skull went farther in both longitudinal and transverse directions compared with that of 
with intact skull. In terms of the optical absorption density and fluence rate. On the condition of with intact skull, the 
distribution of optical absorption density and fluence rate was fusiform and rounder on the whole. The radial distribution 
range of optical absorption density and fluence rate was 0.25 cm, which was approximately 2.5 times of that of with 
intact skull. In the depth direction,  due to the strong scattering and absorption of the scalp and skull, the optical 
absorption density dropped sharply from 0.890 cm-1 to 0.415 cm-1. When the photons arrived at the gray matter layer, 
only a few photons were reserved. Due to the strong absorption and scattering effect of the gray matter layer, only a few 
photons left, the optical absorption density increased from 0.415 cm-1 to 0.592 cm-1, and then decreased again. When the 
depth was 1.35 cm, the optical absorption density dropped to 0 cm-1. After removing the skull, due to the weak 
absorption and scattering effect of normal saline and cerebrospinal fluid, the optical absorption density was low (0.119 
cm-1) and dropped slowly. When the photons arrived at the gray matter layer, most of the photons were reserved. Due to 
the strong absorption and scattering effect of the gray matter layer, the optical absorption density increased from 0.117 
cm-1 to 0.812 cm-1, then the optical absorption density decreased to 0 cm-1 at a depth of 1.35 cm. The distribution of 
radiant fluence rate is similar to that of optical absorption density. This study will provide reference and theoretical 
guidance for the optical imaging of mouse brain and the study of the mouse and human brain. 
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1. INTRODUCTION 
The brain is the main part of the central nervous system, including the brain, cerebellum, brain stem and other structures 
[1]. The structure of the brain is intricate and complex, with hundreds of billions of neurons. There are many nerve centers 
composed of nerve cells, and a large number of up and down nerve fiber bundles pass through and connect the brain, 
cerebellum and spinal cord. The study of mouse brain model is helpful to understand the process in clinical trials, and 
also has reference significance for the study of human brain. 
There are many imaging techniques for the brain clinically. X-ray computed tomography (X-CT) [2,3], which is 
commonly used clinically, requires additional contrast agents to visualize blood vessels, and has ionizing radiation due to 
the use of X-rays. Ultrasound imaging (US) [4] is widely used in clinical testing due to its non-radiation to the human 
  
 
 
 
 
body and flexible movement. However, its resolution is poor (500-1000 μm), contrast is low, and it cannot Obtain blood 
oxygen saturation information. Positron emission tomography (PET) [5] is more expensive and has low spatial resolution 
(at the 1 mm level), and it needs to be combined with CT and other technologies to provide structure information. 
Magnetic resonance imaging (MRI) [6] is also expensive to use, and the spatial resolution is not high, about 1 mm. 
Compared with the above-mentioned clinical imaging technology, optical imaging technology has the characteristics of 
high resolution. Commonly used optical imaging methods in clinical practice include optical coherence tomography 
(OCT) [7], intravital microscopy (IVM), confocal laser scanning microscope (CLSM) [8] and two-photon microscopy [9] 
(TPM) and so on. However, because the skull has a strong scattering effect on light, it is difficult for photons to penetrate 
the skull to reach the depths, so the use of these optical imaging modes is also limited. When imaging the brain, methods 
such as thinning the skull, optical clearing, and removing the skull are often used to directly image the structure and 
function of the brain. 
In this article, in order to explore the impact of the skull on the transmission of photons, we use the Monte Carlo method 
to simulate the movement of photons in mouse brain. We have studied the propagation of photons in mouse brain tissue 
with and without intact skull, respectively, and the corresponding optical absorption distribution, fluence rate, and 
photon track were also analyzed. This study will provide reference and theoretical guidance for the optical imaging of 
mouse brain and the study of the differences and connections between mouse brain and human brain. 
2. METHODS 
2.1 Introduction to characteristics of brain tissue  
Brain tissue is a multi-layered medium, and the structure and function of each layer are different, and the optical 
properties are also different. The mouse brain is similar to the human brain in structure. When light is irradiated to the 
brain from the outside, photons need to pass through the scalp, skull, cerebrospinal fluid, brain and other media to reach 
the depths of the brain, as shown in Figure 1. In the Monte Carlo simulation of the brain, we use a semi-infinite model 
with infinity in the horizontal direction and finite depth in the vertical direction to simulate the transmission of photons 
in the brain tissue. The optical parameters with skull are shown in Table 1. 
 
 
Figure 1. Multi-layer media model of mouse brain. 
 
Table 1. Optical parameters and thickness of four layers of mouse brain tissue with intact skull 
Tissue Type d(cm) μa (cm-1) μs (cm-1) g n 
Skin 0.1 0.191 66 0.9 1.37 
Skull 0.1 0.136 86 0.9 1.37 
CSF 0.05 0.026 0.1 0.9 1.37 
Brain 1 0.186 111 0.9 1.37 
 
It can be seen that the brain contains a total of four layers of tissues, and their anisotropy factors are all 0.9, their 
refractive index are all 1.37. The first layer is the skin. Its depth is 0.1 cm, absorption coefficient is 0.191 cm-1, a 
scattering coefficient is 66 cm-1. The second layer is the skull. Its depth is 0.1 cm, absorption coefficient is 0.136 cm-1, 
scattering coefficient is 86 cm-1. The third layer is CSF. Its depth is 0.05 cm. The absorption coefficient is 0.026 cm-1, the 
  
 
 
 
 
scattering coefficient is 0.1 cm-1. The fourth layer is brain. Its depth is 1 cm, absorption coefficient is 0.186 cm-1, 
scattering coefficient is 111 cm-1.  
After removing the scalp and skull, we covered the head with saline to maintain the brain microenvironment. The optical 
parameters without intact skull are shown in Table 2. 
Table 2 Optical parameters and thickness of four layers of mouse brain tissue without intact skull 
Tissue Type d(cm) μa (cm-1) μs (cm-1) g n 
Normal saline 0.1 0.026 8 0.9 1.37 
Normal saline 0.1 0.026 8 0.9 1.37 
CSF 0.05 0.026 8 0.9 1.37 
Brain 1 0.186 111 0.9 1.37 
 
2.2 Monte Carlo method  
The Monte Carlo method is a statistical simulation method [10]. It is also known as the random sampling or statistical test 
method. It is a method of using repeated statistical experiments to solve physical and mathematical problems. Such 
problems can be described directly or indirectly by a random process. The Monte Carl method is used to simulate the 
transmission process of photons in biological tissues, and has become the main method for studying light transmission in 
biological tissues. 
The basic idea of Monte Carl method is as follows. The principle of photon absorption and scattering is used to track the 
process of photon passing through chaotic medium. Then, the distribution of energy inside the tissue is obtained by 
counting the simulation results of a large number of photons. 
We consider a random variable x, which may be the random step taken by the photon between two successive 
interactions of the photon in the biological tissue, or the angle at which a photon is deflected due to the occurrence of a 
scattering event. The probability density function defines the distribution of the variable x over the interval (a, b). The 
normalized probability density function is:  
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First, step size simulation is carried out, where uα is the absorption coefficient and us is scattering coefficient, then 
t su u u α , the formula of step size s can be obtained:  
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In a multilayer tissue, the photon may experience multiple motions between layers within the tissue. At this 
moment: ln( )
it ii
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When g = 0: 
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Convert to scattering deflection angle θ, there are:  
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Since the scattering has axisymmetric property, then: 2  . 
First, there is a photon, its weight w is 1, the initial position is (0,0,0), and the initial direction cosine is (0,0,1). The 
refractive index of the external medium and the surface of the biological tissue are n0 and n1 respectively, then the 
emission coefficient Rsp of specular reflection is Rsp = 
2
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. Supposing the current position of the incident photon 
is (x, y, z), and the current propagation direction is determined by its direction cosine ( , , )x y zu u u . Then the next position 
of the photon is determined by the following formula:  
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Supposing the initial weight of the photon is w0, and the weight after the nth interaction is wn, then wn = 
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new direction cosine of the photon is given as follows:  
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If the motion direction of the photon is very close to the normal direction of the biological tissue surface, the new 
direction cosine of the photon is:  
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When the photon reaches the boundary of the biological tissue, the distance from the current position (x, y, z) to the 
boundary of the biological tissue along its propagation direction is defined as the reduction step s1. z0 and z1 is the z 
coordinate of the upper and lower boundaries of the organization in the cartesian coordinate system, and z is the z 
coordinate of the scattered point of the photon before it reaches the boundary: 
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Criteria for whether the photon has reached the tissue boundary:  
  
 
 
 
 
1.When 
1s s , the photons do not reach the organizational boundary, which will continue to spread in the organization. 
2.When 
1s s , the photons reach the organizational boundary.  
If the incident angle of the photon is αi and the projection angle is αt, then αi  =  1cos | |zu

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reflectivity of the total reflection of the photon arriving at the boundary can be obtained by Fresnel formula:  
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When i( )R  , total internal reflection of photons occurs. When i( )R  , photons escape from tissue. 
After total reflection, the direction cosine is updated to ( , , )x y zu u u , at which time the remaining step size is 1s s . If it 
is large enough, it can reach other boundaries and repeat the above process. If not, the photons travel through the tissues 
and are absorbed and scattered. 
We use the roulette method to determine the termination of the photon. First, generate an integer m, and then generate a 
uniformly distributed random number ξ. If 1  m ,  the weight of the photon is updated to mw, the photon will 
continue to transmit with the new weight; If 1  m , the weight of the photon is 0, the photon tracking is ended. For 
multilayer biological tissues, transmission and reflection occur at the interface of each layer,  ( , , )
n ns n
u u g  representing 
absorption coefficient, reflection coefficient and individuality factor of the nth layer, respectively.  
2.3 Steps of simulation experiment  
In this paper, the Monte Carlo simulation program prepared by Dr. Lihong Wang is used to configure the environment, 
including the configuration of photon number, the lattice spacing dr and dz of the two-dimensional grid system, the 
number of grids, the number of tissue layers and the optical parameters of each layer. In this simulation process, the 
number of photons was set as 10000, the lattice spacing dr and dz of the two-dimensional grid system were set as 0.1 cm 
and 0.1 cm, the number of grids was set as 400 and 200, and the number of tissue layers was set as 4. The optical 
parameters of with intact skull and without intact skull were substituted in the model, and finally, the parameters such as 
fluence rate and optical absorption density were obtained.  
3. RESULTS  
3.1 The path of photon propagation in the brain  
Biological tissue is a high scattering random medium, and the propagation of photons in different tissues varies greatly.  
Figure 2(a) and Figure 2(b) simulate the photon track in the brain tissue without intact skull and with intact skull, 
respectively. It can be seen from the figure that the distribution of photons in the z direction in Figure 2 (a) is deeper than 
that in Figure 2(b), so the depth of photon movement in the brain is larger. Since the skin and skull have a large 
scattering and absorption effect on photons, and the CSF layer is a medium with low absorption and low scattering effect, 
so the photons can move to deeper tissues without intact skull. In Figure 2(a), the lateral range of photon motion is larger 
than that in Figure 2(b). The distribution of photon motion track obtained without intact skull shows a fusiform shape on 
the whole, and the boundary is not as smooth as that obtained with intact skull. The distribution of photons obtained by 
removing the skull is fatter than that obtained with intact skull. 
 
  
 
 
 
 
 
Figure 2. (a) The track diagram of the motion without intact skull. (b) The track diagram of the motion with intact skull.  
 
3.2 Optical absorption distribution and light intensity distribution of photon propagation in the brain  
Figure 3 shows the distribution of Azr and Fzr. As can be seen from Figure 3, The optical absorption is mainly 
concentrated near the central axis. The chance of photons reaching the depths of biological tissues is small. After 
multiple scattering, the number of photons diverging to the surroundings increased. Under the same conditions, after the 
skull was removed, the photon transmission appeared deeper, and the lateral direction (that is, the r direction) appeared 
wider. This is because the saline replaced the scalp and skull. The absorption and scattering effects of the saline were 
relatively weak, and the photons could get to the depths of the tissue without hindrance, as shown in Figure 3 (a) and 
Figure 3 (c). There is a clear dividing line on the boundary between the cerebrospinal fluid layer and the brain layer of 
the tissue. This is because the absorption coefficient and scattering coefficient of the two layers are quite different. In 
Figure 3(b) and Figure 3(d), due to the strong scattering and absorption of the scalp and skull, the light energy decayed 
rapidly, and only a few photons could reach the gray matter layer. 
 
 
Figure 3. (a) and (b) are the optical absorption density (Azr) distribution diagram of photons in mouse brain with intact skull and 
without intact skull, respectively. (c) and (d) are the fluence rate (Fzr) distribution diagram of photons in the brain with intact 
skull and without intact skull, respectively.  
 
  
 
 
 
 
3.3 Absorption curve of photon propagation in mouse brain  
First, the optical absorption density Az in the depth direction is studied. Figure 4(a) shows that when the skull was not 
exposed, Az rapidly dropped sharply from 0.890 cm-1 to 0.415 cm-1 due to the strong absorption and scattering of the 
scalp and skull. At this time, the light energy was low, a small amount of photons entered the gray matter. Due to the 
strong absorption and scattering effects of the gray matter, Az rose slightly, from 0.415 cm-1 to 0.592 cm-1, and decreased 
again. When the depth was 1.35 cm, Az dropped to 0 cm-1. At this time, the photon was basically exhausted and no 
photon traveled forward. After the skull was removed, due to the weak absorption and scattering effects of normal saline 
and CSF, Az was low, which was 0.119 cm-1, and dropped slowly. Most of the photons were reserved when they arrived 
at the grey matter. Due to the strong absorption and scattering effect of the gray matter layer, Az increased from 0.117 
cm-1 to 0.812 cm-1. When z was about 1.35 cm, Az decreased 0 cm-1. The change of Fz is similar to that of Az, as shown 
in Figure 4 (b).  
In the radial direction, we define the propagation range of photons as the radial distance when Ar dropped to half of the 
maximum. Figure 4(c) shows that when the photon diffused to a radial distance of about -0.05 cm and 0.05 cm without 
intact skull, Ar dropped to half, that is, the diffusion width was 0.10 cm. Under the skull, when r was about -0.125 cm 
and 0.125 cm, Ar dropped to half, that is, the diffusion width was 0.25 cm. It can be seen that, under the same conditions, 
after the skull was removed, the photon spread more widely in the r direction, which is 2.5 times that of the unopened 
skull. The change of Fr is similar to that of Ar as shown in Figure 4 (d). 
 
Figure 4. (a) and (b) are the optical absorption density (Az) and fluence rate (Fz) of photons in the z direction, respectively. (c) 
and (d) are the optical absorption density (Ar) and fluence rate (Fr) of photons in the direction of r, respectively. 
 
4. CONCLUSION 
We studied the transmission of photons in mouse brain in both with and without intact skull states using Monte Carlo 
method. Photon track, optical absorption density and fluence rate were used as indicators for analysis. We found that, the 
photon distribution without intact skull goes farther in both longitudinal and transverse directions compared with that of 
with intact skull. The distribution of optical absorption density and fluence rate was fusiform and rounder on the whole 
  
 
 
 
 
with intact skull. This study will provide reference and theoretical guidance for the optical imaging of mouse brain and 
the study of the mouse and human brain.  
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